Abstract Natural aging is accompanied by a dysregulation of the host immune response that has well-known clinical consequences but poorly defined underlying causes. It has previously been reported that advancing age is associated with an increase in membrane cholesterol level in T cells. The aim of this study was to investigate whether high-density lipoprotein (HDL) can modulate the age-related accumulation of membrane cholesterol in T cells and impact on their subsequent responsiveness. Our data reveal that cholesterol metabolism, influx, and efflux are altered in T cells with aging, which may in part explain the increase in membrane cholesterol level observed in T cells in elderly individuals. HDL was unable to promote reverse cholesterol transport in T cells from elderly subjects with the same efficiency as was observed in T cells from young subjects besides unchanged ABCA-1 and SR-BI expressions. HDL exhibited a short-acting co-stimulatory effect by enhancing T cell production of interleukin-2 (IL-2). Moreover, HDL from healthy normolipemic individuals exerted differential effects on T cell proliferation that depended on the age of the HDL donor. Finally, HDL modulated TCR/CD28 activation by inducing sustained signaling through pLck, pERK, and pAkt. These data suggest that HDL has immunomodulatory effects on T cells that are influenced by age.
Introduction
Age-related increases in the incidence of infections, cancers, neurodegenerative diseases, and chronic inflammatory diseases such as atherosclerosis represent a substantial burden on health care provision in the developed world (Larbi et al. 2008) . Although the underlying causes that link human aging to increased risk of pathology is not fully understood, it is clear that alterations in immune functions play a critical role (Pawelec 2012; Fulop et al. 2005; López-Otín et al. 2013) . Numerous studies of age-related immune dysfunction, or "immunosenescence," have been published (Fülöp et al. 2013; Larbi et al. 2013) , but the conclusions drawn from these investigations remain controversial. The direct clinical consequences of age-related immune dysfunction seem clear and are well demonstrated by the increased rate and severity of infections, cancers, and autoimmune disorders observed in the elderly. While age-related changes in the immune response are clearly multi-factorial, the central defect underlying declining immune function with age is thought to be an overwhelming decrease in T cell function (Pawelec 2012) . Since impaired T cell function is a hallmark of immunosenescence in the elderly, and membrane lipid rafts (LRs) are an integral component of the signaling apparatus in T lymphocytes, it is possible that altered activation of T cells in the elderly may be related to changes in the cholesterol content and composition of membrane LRs.
Aging is associated with global alterations in immune function ), but the immune system is a complex interactive system composed of many different cell types and cell sub-populations that are not altered to the same extent and do not contribute equally to immunological aging. Immunosenescence should perhaps be considered to represent the dysregulation of a system that is constantly trying to adapt and maintain homeostasis in the face of diverse inputs and outputs that are still only crudely defined (Pawelec 2012) . Studies of elderly humans and animal models have revealed that production of interleukin-2 (IL-2) and clonal expansion of effector and memory T cells are the aspects of the immune system which are the most susceptible to agerelated alterations (Fülöp et al. 2013) . It is therefore possible that changes in cell membrane biology and disruption of the proximal signaling events may contribute to these altered functions (Larbi et al. 2011; Goronzy et al. 2012; Fulop et al. 2014 ). The major histocompatibility (MHC)-restricted activation of T cells by antigenpresenting cells (APCs) requires intimate communication between the stimulating APCs and responding T cells through the formation of an immune synapse (Reichardt et al. 2010) . It is now widely accepted that immune synapse formation is mediated by specialized microdomains of the T cell plasma membrane known as lipid rafts (LRs) that initiate assembly of the complex machinery of T cell signal transduction (Simons and Gerl 2010; Simons and Sampaio 2011) . LRs are enriched in cholesterol, sphingolipids, and proteins and are associated with several key biological processes including cell signaling and protein transport and adhesion (Kabouridis 2006) .
A series of investigations in the late 1980s suggested that biochemical and biophysical alterations at the level of the cell plasma membrane could be associated with the altered immune response with aging (Maczek et al. 1998) . It was noted that there were age-related modifications in the lipid composition of the lymphocyte plasma membrane and that these modifications directly affected membrane fluidity. Recent data from our own laboratories have shown that the levels of plasma membrane cholesterol, the major stabilizing component of LRs, were increased twofold in T lymphocytes from elderly individuals, resulting in a plasma membrane that was less fluid than that observed in T cells from young individuals (Larbi et al. 2006a) . Alterations in the assembly of T cell signaling components in LRs have been reported to be associated with aging. These observations may to some extent reflect a persistent, low-grade immune activation in elderly subjects that has been proposed by the "Inflamm-Aging" model (Franceschi et al. 2000; Larbi et al. 2004a) . We have also used confocal microscopy to demonstrate that aging is associated with altered coalescence of LRs in T cells activated with a combination of anti-TCR and anti-CD28 antibodies. LRs exhibited weak coalescence in CD4 + and CD8 + T cells from elderly subjects although the alterations were less pronounced in the CD8 + T cell compartment. Alterations in the composition of the T cell plasma membrane as a consequence of aging therefore seem to play a central role in these impaired lymphocyte functions.
The role played by lipoproteins in modulating membrane cholesterol content has recently been subject to extensive investigations and has led to the suggestion that these molecules may have immunomodulatory functions (Norata et al. 2012; Murphy et al. 2008 Murphy et al. , 2011 Carpintero et al. 2010; Gruaz et al. 2010; Landry et al. 2006) . In particular, high-density lipoproteins (HDLs) have been shown to modulate the innate immune response by decreasing the production of inflammatory mediators, as well regulating adaptive immunity either by inhibiting antigen presentation or by altering the cholesterol content of LRs to alter T cell activation and signaling. Although most studies on the immunomodulatory properties of HDL were carried out in relation to atherosclerosis (Badimon and Vilahur 2012) , accumulating evidence shows that HDL levels are decreased in many chronic inflammatory diseases, including rheumatoid arthritis and lupus (Borba et al. 2006) . With aging, the quantity and the quality of HDL are significantly altered (Park and Cho 2011) . We have shown that HDL is oxidatively altered with aging and exhibits reduced anti-oxidant and anti-inflammatory activity, as this is also a characteristic in chronic inflammatory diseases (Jaouad et al. 2006; , and consistent with the predictions of the Inflamm-Aging model (Khalil et al. 2012; Rea et al. 2004 ). Whether these age-related changes in HDL biology contribute to T cell immunosenescence is currently unknown. To our knowledge, there is no known molecular mechanism that can account for the increased cholesterol content of the T cell plasma membrane in normolipemic elderly subjects, and it is unclear how these changes in membrane composition impact on T cell function. In the present study, we investigated cholesterol metabolism in T cells and tested the ability of HDL to modify the cholesterol content of the plasma membrane in order to shed light on the mechanisms that drive immune dysfunction in elderly subjects.
Materials and methods

Subjects
Fifteen elderly volunteers aged 65 to 78 years (mean, 76.2±6.5 years) participated in the study. The cohort of 15 young healthy subjects was 19 to 25 (mean, 23.4± 1.4) years old. The research protocol was approved by the local institutional ethics committee of the Research Center on Aging. All subjects gave written informed consent. The volunteers were in good health, normolipemic (Table 1) , and satisfied the inclusion criteria of the SENIEUR protocol for immune investigations of human elderly subjects (Lighart 2001) . None of the participating subjects were taking medication or suffered from diseases that may affect lipoproteins metabolism or HDL levels.
Isolation of HDL
Isolation of whole HDL (HDL 2 and HDL 3 ) was performed within 2 h according to the method of Sattler et al. (1994) , using the Beckman Optima TLX ultracentrifuge in the presence of ethylenediaminetetraacetic acid (EDTA, 0.4 mg/ml) as already described (Khalil et al. 2012) . In brief, HDLs (1.063<d<1.19) were separated by 2 h of ultracentrifugation at 15°C at 100,000 rpm in a TLA 100.4 rotor. After separation, the HDLs were obtained directly by needle aspiration of the HDL band by piercing the wall with a 23-gauge flatheaded needle syringe. HDLs were dialyzed overnight at 4°C against a 10 mM sodium phosphate buffer (pH 7). HDL concentrations are expressed in terms of total protein contents (μg protein/ml). Proteins were measured by commercial assay (Pierce method, Rockford, IL, USA).
T cell separation
Blood obtained by venipuncture was collected in heparinized tubes and diluted twofold with phosphatebuffered saline (PBS). Peripheral blood mononucleated cells (PBMCs) were isolated by Ficoll Paque plus density sedimentation, as described (Larbi et al. 2006a ). The buffy coat was recovered; the cells were washed (PBS) and counted.
Cell viability was greater than 95 % (Trypan blue exclusion). Identical numbers of cells from young and aged donors were used in each comparative experiment. T cell purification: PBMCs were freed of monocyte by adhesion to plastic tissue culture flasks coated with autologous serum (1 h, 37°C), and B cells and phagocytic cells by nylon wool retention, as described (Fülöp et al. 2001 Lymphocyte proliferation and cytokine expression For proliferation, PBMCs (2×10 5 cells/well) were exposed to anti-CD3 (5 μg/ml) and/or anti-CD28 (5 μg/ml) (Fülöp et al. 1999) , or by the CFSE (2.5 μM) dilution assay. PBMCs (1×10 6 /ml) were stimulated with PMA (50 ng/ml) and Ionomycin (750 ng/ml) for 6 h in the presence of Brefeldin A (GolgiPlug®, BD Biosciences). After stimulation, cells were washed two times in PBS containing 10 % FCS prior to surface marker staining (CD3, CD4, CD8). Cells were then fixed and permeabilized with Fix/Perm® and Perm/Wash® buffers according to the manufacturer's instructions. Cells were stained for intracellular IFN-γ and TNF-α expression, washed two times, and analyzed by FACS.
Isolation of lipid rafts and western blots T cells were kept for 1 h in RPMI medium at 37°C. The cells (20×10 6 lymphocytes) were then exposed to a combination of anti-CD3 (5 μg/ml) and anti-CD28 (5 μg/ml) mAb for various periods of time at 37°C, as described (Larbi et al. 2006a ), or were left untreated (control). Lipid raft isolation on sucrose density gradients was done as described (Larbi et al. 2006a) . Lipid rafts were distributed in fractions 1 to 3 of the gradient whereas nonlipid rafts corresponded to fractions 5 to 8. Western blotting analyses were done using pooled fractions 1-3 and pooled fractions 5-7, as described (Larbi et al. 2006a) .
Proteins from total cell lysates (20 μg) or pooled lipid raft fractions (30 μl) were sized by SDS-PAGE under reducing conditions, transferred to PVDF membranes, and revealed by Western blotting, as described (Larbi et al. 2006a ). Densitometric analyses were performed using the image analyzer Chemigenius2 Bio Imaging System (Syngene, Frederick, MD) or the Java-based ImageJ freeware (http://rsbweb.nih.gov/ij/).
Cholesterol efflux/influx measurements
Both cholesterol efflux and cholesterol influx (cholesterol uptake) were measured in the presence of T cells.
For the measurement of cholesterol efflux, T cells (5×10 5 ) were incubated in fresh medium containing 2 μCi/ml [ 3 H]-cholesterol for 24 h. Labeled T cells were washed and equilibrated in serum-free medium containing 1 % bovine serum albumin (BSA) for an additional 12 h. After the equilibration period, the [ 3 H]-cholesterol-enriched T cells obtained from young or elderly subjects were washed three times and incubated between 30 min and 24 h with whole HDL (50 μg/ml). At the end of the incubation time, cells were lysed in 0.1 M NaOH. The counts per minute (cpm) in the supernatant and cell lysates were determined using a liquid scintillation counter. Cholesterol efflux (radiolabeled cholesterol released from cells) was calculated using the following formula: (radioactivity (cpm) in supernatant/radioactivity (cpm) in cells+medium)×100.
For the measurement of cholesterol influx (cholesterol uptake), T cells were incubated with 3 H-cholesterol for 24 h . The medium was then collected from the culture plates. The cells were washed two times with PBS and lysed. The cholesterol influx was measured by determining the percentage of radiolabeled cholesterol incorporated (% cholesterol influx) using the following formula: (cpm in the cell/cpm in the cell+medium)×100.
Membrane cholesterol and fluidity measurement
Cholesterol levels within membrane were determined by HPLC analysis after extraction of sucrose gradient fractions. We used the HPLC method described by de Mello et al. (2004) and Katsanidis and Addis (1999) with some modifications (Larbi et al. 2006a) .
Cell membrane anisotropy (r) of T cells was determined using the fluorescent probe diphenylhexatriene (DPH), as described (Larbi et al. 2006a) . Fluidity (f) was calculated using the inverse value of anisotropy (f=1/r).
Flow cytometry experiments
Phenotyping and functional analysis of CD4 + and CD8 + T cells were performed by flow cytometry. PBMCs from participants were stained with an antibody cocktail consisting of anti-CD3, anti-CD4, anti-CD8, anti-CD45RA, anti-CD27, and a live/dead exclusion dye. Samples were stained for 20 min at 4°C and washed two times in PBC containing 1 % FBS. Other experiments include anti-CD25, anti-SR-BI, and anti-ABCA
In the case of each experimental measurements of cytokines (IL-2, TNF-α, and IFN-γ), the cells (1× 10 6 cells/ml) were placed in Eppendorf tubes, washed by brief centrifugation with cold PBS, fixed by treatment (20 min in the dark, 4°C) with 250 μl of 4 % (w/v) paraformaldehyde (BioLegend, Burlington, ON), and then washed with a mixture of PBS (1 ml) and diluted (PBS) permeabilization buffer (250 μl) containing FBS and saponin (PermWash buffer, BD Pharmingen). After washings, staining was done with permeabilization wash buffer (200 μl) containing conjugated antihuman IL-2, TNF-α, or IFN-γ Ab (0.2 μg/ml) for 30 min at 4°C, in the dark. The stained cells were washed once with permeabilization wash buffer and resuspended in PBS (250 μl). The samples were analyzed within 24 h by flow cytometry using FACSCalibur or Fortessa LSRII instruments (Beckton Dickinson). A minimum of 10,000 events was acquired in each analysis, as described (Larbi et al. 2006a ).
Statistical analyses and power calculation
Values are expressed as means ± SEM. Data were analyzed using Student's t test for continuous variables and chi-square test for categorical ones. Statistical analyses were performed using SigmaStat software (Systat Software Inc., Chicago, IL). A p value of <0.05 was considered statistically significant.
With 15 subjects by group, we will have 80 % power for detection of a large effect size of 1 using a two-tailed t test with alpha level of 0.05.
Results
T cell cholesterol balance is altered with age
Previous studies have clearly linked hyper-lipidemia and associated co-morbidities (such as cardiovascular diseases) with a pro-inflammatory status. We selected only healthy normolipemic elderly and young donors in order to exclude this confounding factor from our study of "immunological aging." As described in Table 1 , levels of cholesterol, triglycerides, and lipoproteins were comparable between elderly (72.6 ± 6.5 years) and young individuals (23.4±1.4 years). All values measured were within normal ranges, and CRP levels were <3 mg/L for all participants, thereby excluding individuals with a recent infection or inflammatory conditions. Since 90 % of cellular cholesterol is located in the outer membrane, we measured the total free cholesterol content in the membrane and in the lipid rafts (LRs) of T cells from young and elderly subjects. The LR cholesterol content in CD4 + and CD8 + T cells was significantly increased in elderly subjects (Fig. 1a) . The cholesterol concentration of CD4 + T cells as measured by HPLC was 32.34±7.09 nmol/l in young subjects and 63.33± 7.76 nmol/l in elderly subjects (p<0.0001). In the case of CD8 + T cells, the cholesterol content was 38.67± 7.37 nmol/l for young subjects and 70.67±8.59 nmol/l for elderly subjects (p<0.001). Similar results were obtained in our analyses of the total cell membrane (Larbi et al. 2006a ). These increases in membrane cholesterol had functional consequences, since we observed a significant decrease in membrane fluidity in T cells from elderly individuals (p<0.05; Fig. 1b) . The membrane fluidity (1/r) observed in CD4 + T cells was 5.51± 0.23 for young individuals and 4.56±0.14 for elderly individuals. In the case of CD8 + T cells, membrane fluidity was 5.59±0.19 for young subjects and 4.73± 0.15 for elderly subjects. Thus, altered cell metabolism leading to increased membrane cholesterol was associated with decreased fluidity, suggesting that age-related changes in the lipid composition of the T cell membrane may have functional consequences in terms of host protection.
We next measured cholesterol turnover by assessing both the cholesterol uptake (influx) by T cells when incubated with 3 H-cholesterol-enriched LDL and cholesterol efflux from T cells pre-loaded with 3 H-cholesterol and incubated with HDL. When compared with T cells from young subjects, the uptake of 3 H-cholesterol (expressed in %) was significantly reduced in T cells obtained from elderly subjects (elderly, 32.02±4.50; young, 47.83±4.10; Fig. 1c ). In parallel, the percentage of 3 H-cholesterol initially loaded in cells but detected in the culture media after 24 h (cholesterol efflux) was significantly higher in the case of young individuals (Fig. 1d) . T cells from elderly individuals released the radiolabeled cholesterol only after 48 h. The ratio of T cell cholesterol efflux at 24 h relative to that observed at 48 h was 8.8 in the case of young subjects and 1.5 in the case of elderly subjects. These findings suggested that T cell cholesterol efflux slows down or becomes inefficient/passive with aging, contributing to an increase in the total level of T cell cholesterol.
High membrane cholesterol content is associated with altered T cell phenotype and function
In order to assess whether the high cholesterol content detected in T cells from aged subjects was associated with altered cell function, we next investigated the phenotype of CD4 + and CD8 + T cells obtained from both young and elderly individuals. Peripheral blood mononuclear cells were separated and stained with directly conjugated antibodies against CD3, CD4, CD8, CD27, and CD45RA. Cell populations are classified using the accepted definition of naïve (CD45RA Di Mitri et al. 2011) . In these analyses, the frequencies of all populations were significantly different for the CD4 + T cells. The reduced frequency of naïve T cells was accompanied with increased frequency of central memory, effector memory, and late differentiated T cells with aging (Fig. 2a) . Similarly, the frequency of CD45RA + -CD27-and CD45RA-CD27-cells in the CD8 + compartment was also significantly increased in the elderly compared with that in young individuals (p<0.0001; Fig. 2b ). The frequency of naïve CD8 + T cells was significantly lower in elderly, but no change was observed for central 24h 48h Fig. 1 Age-related alterations in T cell membrane cholesterol exchange. The cholesterol content (a) as well as the fluidity (b) of T cells from young (white bars) and elderly individuals (black bars) is shown. Significant difference is displayed with ***p<0.0001 and **p<0.001. The ability of T cells to uptake and release cholesterol at steady state was tested by using radiolabeled cholesterol. T cells from young individuals were able to better uptake cholesterol from the extracellular milieu (c, *p<0.05) and also to release it faster (24 h) that T cells from elderly individuals (d, *p<0.05). Cholesterol efflux (radiolabeled cholesterol released from cells) was calculated using the following formula: (radioactivity (cpm) in supernatant/radioactivity (cpm) in cells+medium)×100. The cholesterol influx was measured by determining the percentage of radiolabeled cholesterol incorporated (% cholesterol influx) using the following formula: (cpm in the cell/cpm in the cell+medium)×100 memory cells. The CD8 + compartment displays more marked changed toward the most differentiated subsets. We next investigated the function of CD4 + and CD8 + T cells by stimulating PBMC with PMA/ ionomycin in the presence of Brefeldin A for 4 h before assessing intracellular levels of TNF-α and IFN-γ by flow cytometry. In Fig. 2c , we display a representative experiment showing that the capacity of CD4 + T cells to produce cytokines was not reduced in elderly subjects. In contrast, the frequency of CD8 + T cells that were unable to support cytokine responses was in fact lower in elderly individuals (15.9 %) than in the young population (71.0 %) suggesting that CD8 + T cells may actually increase their capacity to produce cytokines with aging (Fig. 2d) . This finding is consistent with the changes in T cell phenotype typically observed with aging (increase in memory cells capable of producing cytotoxic cytokines). Most of TNF-α+IFN-γ+ cells were lacking expression of co-receptors (CD28 and CD27) while only a minute fraction of the responding cells show a naïve profile (data not shown) as expected from the literature. Taken together, these data confirm that age-related changes occur in CD4 + and CD8 + T cell phenotypes, cytokine producing capacity, and membrane cholesterol content. Fig. 2 Impact of aging on T cell phenotype and function. PBMCs were separated from blood collected from young (n=15) and elderly (n=15) individuals. Cells were stained for CD3, CD4, CD8, CD27, and CD45RA expression using directly conjugated antibodies and analyzed by flow cytometry. a The CD4 + T cell subset distribution (based on CD45RA and CD27 expression) of young (empty bars) and elderly individuals (filled bars) is shown with significant differences (**p<0.01 and ***p<0.0001). b The same analysis and significance were reported for the CD8 + population. c PBMCs were stimulated with PMA/ionomycin for 4 h and stained for surface CD3, CD4, CD8, and intracellular TNF-α and IFN-γ. We provide a representative plot of CD4 + T cells from young and elderly individuals. d The same analysis was performed for CD8 + T cells on the same donors as in c. Numbers shown represent the distribution of TNF-α and IFN-γ producing cells HDL-mediated cholesterol efflux from T cells Cholesterol efflux occurs via three independent pathways: (1) aqueous diffusion, (2) nonspecific efflux via SR-BI receptors, and (3) specific efflux via cholesterolresponsive members of the ABC superfamily. Whereas aqueous diffusion and scavenger receptor class B, type I (SR-BI)-mediated efflux transport free cholesterol to a wide variety of cholesterol acceptors (particles containing phospholipids, HDL, and lipidated apo-lipoproteins; LDL, etc.), the ABCA1 pathway mediates the transport of cholesterol in a unidirectional manner, mainly to lipid-poor apoA-I. In contrast, the ABCG1 pathway is responsible for the transport of cholesterol to all the subfamily members of HDL. Cholesterol efflux to HDL is the first rate-limiting step of reverse cholesterol transport, a process that contributes to maintain of cholesterol homeostasis. Thus, we investigated the efficiency of HDL purified from either young or elderly subjects, to mediate extraction of cholesterol from the membrane LRs, on age-matched allogeneic T cells. As shown in Fig. 3a , HDL incubated for 60 min with T cells showed the highest efficiency for cholesterol extraction when compared to other incubation times tested (Fig. 3a) . After 90 min, HDL influx/efflux appeared to have been equilibrated, suggesting that HDL extraction of membrane cholesterol occurs rapidly in T cells. We used this time point (90 min) as the basis for the following experiments. We hypothesized that HDL extraction of membrane cholesterol from allogeneic T cells was less efficient if the HDL was obtained from elderly subjects. We were therefore interested to investigate whether T cell cholesterol extraction by HDL from elderly subjects had functional repercussions. Indeed, the membrane fluidity of T cells obtained from young individuals was significantly increased after 60-min exposure to HDL (p<0.01) and returned to basal levels after 24h (Fig. 3b) confirming a reduction in membrane cholesterol levels as suggested in Fig. 3a . Mean membrane fluidity rose from 6.15 to a maximum of 6.85 by 60 min after exposure to HDL, which represented an ∼11 % increase in T cell membrane fluidity in T cells from young individuals. HDL from elderly subjects were unable to increase the membrane fluidity of allogeneic T cells obtained from other elderly subjects. We also observed a transient yet significant decrease in T cell membrane fluidity during the 90-min period after HDL treatment of T cells from elderly subjects (**, p<0.01, Fig. 3b ). While T cells from young subjects recovered membrane fluidity after 24h, T cells from elderly subjects exhibited fluctuations in membrane fluidity over the time course tested here. These data confirmed that HDL from elderly subjects are unable to support efficient cholesterol efflux (Berrougui et al. 2007 ) and may contribute to functional alterations in the T cell membrane.
We next compared the capacity of HDL from young and elderly subjects to extract 3 H-cholesterol from preloaded T cells. We observed that HDL purified from young subjects efficiently extracted cholesterol from T cell membranes via cholesterol efflux (52.0±9.5 % 3 Hcholesterol remaining in the membrane at 90-min time point; p<0.01, Fig. 3c , left panel) whereas no significant difference was observed in membrane cholesterol content between 90 min and 24 h (p=0.0951). In sharp contrast, HDL from elderly subjects was unable to extract cholesterol within the same 90-min period (97.3± 4.3 % 3 H-cholesterol remaining in the membrane, i= 0.7649), and significant HDL extraction of membrane cholesterol was observed only after 24 h (fraction of 3 Hcholesterol in the membrane decreased from 97.3 to 68.7 % after 24 h; p<0.05, Fig. 3c, right panel) . These data suggest that the reverse cholesterol transport (RCT) function of HDL is inefficient in elderly subjects and is unable to extract cholesterol from cell membranes except over extended periods of time.
Effect of HDL on T cell function
We next studied whether HDL influences T cell functions. We measured T cell production of IL-2, which is known to be impaired with aging (Larbi et al. 2006a) . First, intracellular IL-2 production was assessed by flow cytometry in the whole CD3 + T cell population. Intracellular levels of IL-2 were measured after 12-h stimulation with anti-CD3/CD28 either with or without 50 μg/ml HDL. A representative experiment is shown demonstrating the expected higher level of IL-2 production in T cells from young subjects (MFI 50.4±6.2) compared with T cells from elderly subjects (MFI 34.9 ±5.4, p<0.05). HDL treatment significantly increased the intracellular production of IL-2 in T cells from young subjects (MFI increased from 50.4±6.2 to 83.5 ±8.7; p<0.01; Fig. 4a ). HDL treatment also significantly increased the intracellular production of IL-2 in T cells from elderly subjects (MFI increased from 34.9± 5.4 to 52.7 ± 10.8; p < 0.05). It is notable that αCD3αCD28 activated T cells pre-treated with HDL increased IL-2 production by stimulated T cells from elderly donors to levels comparable with those of T cells from young donors stimulated with αCD3αCD28 alone. We next investigated the expression of CD25 as an activation marker of T cells and observed that HDL from young subjects significantly increased CD25 expression of αCD3αCD28-activated T cells (MFI increased from 48.9±7.3 to 68.1±7.5; p<0.05). It is of note that HDL alone did not have any discernable effect on CD25 expression (Fig. 4b) . Moreover, there was no significant difference in T cell expression of ABCA1 (the most important receptor involved in HDL and ApoA1-mediated RCT) when comparing between elderly subjects and young subjects (ABCA1 MFI 21.6 in the young population, 19.8 in the elderly population; Fig. 4c ). There were no significant differences between the expression of SR-BI in T cells of young and elderly subjects (data not shown).
Since our data indicated possible HDL immunomodulatory effects on T cells from elderly subjects in respect of impaired IL-2 production, we next studied the effect of HDL on T cell proliferation. It is well known that the proliferative capacity of T cells is decreased in the elderly compared with young subjects (Douziech et al. 2002) , and we were able to confirm the reduced proliferative activity of these cells in our analysis of total CD3 + T cells stimulated with αCD3αCD28 for 5 days (Fig. 5a) . The CFSE dilution assay shows that many Fig. 3 Aging affects HDL-dependent cholesterol efflux in T cells. a T cells were incubated with HDL for increasing periods of time, and the amount of cholesterol extracted from the membrane of T cells is displayed. b Membrane fluidity expressed by anisotropy (r) was tested for the same experimental conditions as in a with three different donors in each group. c We confirmed that membrane fluidity alterations were due to cholesterol extraction. The fraction of cholesterol extracted over time is expressed in percentage of the initial labeled cholesterol content loaded with significant differences between elderly and young with *p<0.05 and **p<0.01 more T cells in the elderly are not able to divide while T cells from young individuals exhibit strong proliferative capacity. When added in the absence of stimulation, HDL from either young or elderly individuals did not induce any proliferation in T cells (Fig. 5b) . When added in conjunction with stimulation, HDLs from young individuals mildly improve (≈+18 %) the proliferation of T cells while HDLs from the elderly mildly affect the proliferation (≈−17 %) of T cells in response to CD3/ CD28 stimulation, but this is not significant. However, there was a significant reduced proliferative response (≈−30 %) in T cells from elderly compared to young subjects in presence of the corresponding HDL (p<0.02). This suggests that the qualitative and quantitative composition of HDL may impact on key T cell functions including proliferation ).
Effect of HDL on TCR-mediated signaling
We next assessed whether the effects of HDL on T cell function were mediated at the TCR/CD28 signaling level. We have already shown that the activation of Lck, ERK, and Akt in T cells is altered with aging (Fülöp et al. 2012; Larbi et al. 2004b ). We therefore investigated whether the phosphorylation status of these key signaling molecules can be modulated by HDL to explain the functional effects described above. T cells were pre-incubated with HDL for 90 min and were then stimulated with CD3/CD28 for various periods of time (Fig. 6) . Western blot studies showed that exposure to HDL did not alter the activation kinetics of the early signaling molecules in T cells from young subjects (Fig. 6a) , although HDL did increase the overall duration of signaling molecule phosphorylation. It has been reported that Lck, ERK, and Akt activation kinetics peak between 30 s and 30 min following CD3/CD28 stimulation. The activation of pAkt was prolonged up to 90 min in T cells pre-treated with HDL while it may normally last up to 30/60 min only based on the literature. Lck phosphorylation is one of the earliest events of TCR signaling cascade and may occur in the first seconds/minutes of TCR ligation. We observe its prolonged phosphorylation status induced by HDL, which may strongly influence the signaling cross talks that occur during the TCR/CD28 signaling cascade. The prolonged activation status of Lck and Akt suggests a stronger interference with the CD28-dependent signaling pathway. At a basal level, the phosphorylation status of Lck, ERK, and Akt was higher in T cells from elderly subjects compared with that from young subjects, which was in accordance with the Inflamm-Aging model reported to characterize elderly subjects and resembling data already reported for pLck (Larbi et al. 2006a ). In and Akt phosphorylation kinetics was less clear for elderly individuals. The high basal level of signaling molecule phosphorylation in the elderly cohort hindered our assessment of the modulatory effects of HDL as observed in young individuals. Nonetheless, we still observed a significant upregulation of p-Akt levels in HDL-treated T cells from elderly subjects after CD3/ CD28 stimulation (Fig. 6b) .
Discussion
The present study demonstrates that aging is associated with altered cholesterol metabolism in T cells, resulting in increased cholesterol levels in lipid rafts and decreased membrane fluidity. These changes were further accompanied by age-related changes in T cell subset distribution. The natural shift from naive cells to memory cells is a result of exposure to a vast numbers of different antigens during one's lifespan. In elderly individuals, these exposures are reflected in the altered proliferative capacity and cytokine responsiveness of the various T cell subsets. Currently, we do not know whether the increased cholesterol level detected in T cells from elderly subjects is primarily a feature of memory cells or whether this is a more general agerelated phenomenon that occurs throughout the T cell compartment. In this connection, we have recently shown that the altered signaling is general T cell feature and not related to the increased memory cell proportion with aging (Le .
All donors recruited for our study were normolipemic (Table 1) with no history of lipid dysfunction. Previous studies have shown that middle-aged individuals may display intermediate frequencies of memory cells, but we did not observe any significant increase in cholesterol levels in T cells from healthy, middle-aged individuals (35-50 years, data not shown). High-density lipoproteins (HDLs) via apolipoproteins (apoA-1) are responsible for the reverse cholesterol transport activity that allows maintaining cholesterol homeostasis. This process is initiated by the cholesterol efflux from cells (Khalil et al. 2012) . HDL has been extensively shown to confer protection against atherosclerotic cardiovascular disease. In addition, HDL's influence on apoA-1, component lipids, and key enzymes (PON1) can modulate endothelial functions and exert anti-oxidant and antiinflammatory effects (Khera et al. 2011) . It is also clear that by modulating cellular cholesterol levels, HDL plays an important modulatory role in innate and cellular immunity (Perrin-Cocon et al. 2012; Wang et al. 2012) . Emerging evidence suggests that the anti-inflammatory and modulatory effects of HDL may in fact extend beyond their capacity to mediate cholesterol efflux to involve additional mechanisms (Norata et al. 2011) . It is also an open question as to whether the quantity or the quality of HDL is the most important factor in determining immunological outcomes. We have used HDL from young and elderly individuals and T cells loaded with radiolabeled [ 3 H]-cholesterol to test the impact of HDL on various cellular functions. We identified that incubation with HDL for 60 min yielded significant cholesterol extraction from T cell membranes. After 90-min exposure to HDL, the T cells did not display any distinct morphological changes or alterations in membrane character, and we cannot exclude that HDL alters the composition of membrane rafts. Our results confirm that HDL is able to extract the cholesterol from the membrane/LRs of T cells from young subjects, thereby modulating membrane fluidity, whereas this was not the case for T cells from elderly subjects, besides the SR-BI and ABCA1 expressions did not change with aging. This suggests that in elderly subjects, HDL is unable to mediate cholesterol efflux from T cells and this contributes to the increased membrane rigidity. It could be speculated then that the HDL apolipoprotein composition as well as the functional status of these apolipoproteins is altered with aging such as changes in the composition and structure of HDL, especially the phosphatidylcholine/sphingomyelin ratio, the fluidity of the phospholipidic layer, the concentration of apoA-I, and the activity of PON1 Khalil et al. 2012 ). This contention is supported by our previous studies in which an alteration in HDLdriven cholesterol efflux was identified in macrophages from aged individuals (Khalil et al. 2012) . Since HDLs were shown to be anti-oxidant and exert antiinflammatory effects in addition to mediating cholesterol efflux, we assessed whether HDL could be used to modulate T cell production of IL-2 and potentially reverse the decline in cytokine output observed in aged subjects. Our data did not allow us to draw unequivocal conclusions as to which pathways might be influenced by HDL to alter T cell function; however, the possibility that HDL permits sustained cell signaling may play a role, especially via modulation of CD28 co-receptor signaling (as underlined by the increased IL-2 production we observed in T cells from elderly subjects).
We previously attempted to modulate the levels of plasma membrane cholesterol in T cells from elderly subjects to determine whether this in vitro manipulation could reestablish efficient T cell signaling/functions. This intervention has been termed the "rejuvenation approach." Initial experiments using the cholesterol sequestering compound methyl β-cyclodextrin (MBCD) did not yield the expected results (Larbi et al. 2004c) . It was observed that, besides decreasing plasma membrane cholesterol, MBCD had an independent signaldisrupting activity. We also used inhibitors of cholesterol synthesis (lovastatin) in Jurkat T cells. In this case, significantly reduced cell growth and induced apoptosis were observed at high concentrations, in agreement with the fact that only a few studies have demonstrated the immunomodulatory role of statins in human T cells (Larbi et al. 2006b ). Alternatively, we attempted to "age" T cells from young subjects by increasing the cholesterol content. Mimicking this phenomenon in vitro by increasing the cholesterol content in T cells from young donors to the levels found in T cells from elderly subjects led to a decreased proliferative response as well as impaired IL-2 secretion, suggesting that homeostatic concentrations of plasma membrane cholesterol are important for T cell activation (Fülöp et al. 2012) .
Based on our data, we suggest that the modulation of T cell functions by HDL is more closely related to its qualitative and quantitative composition (including apoA1 and PON1 content) rather than to its cholesterol-modulating role (Jaouad et al. 2006) . We have previously used HDL to modulate the "immunosenescent" attributes of T cells, using IL-2 production as a marker of overall functionality (since IL-2 output was previously found to be constantly changing with age). This approach is in-line with the concept that HDL has anti-inflammatory and modulatory effects that can influence innate immunity by interfering with TLR activation, decreasing antigen presentation, and modulating TCR signaling. Furthermore, levels of HDL are notably decreased in immunemediated disorders such as rheumatoid arthritis and systemic lupus erythematosis (Borba et al. 2006) . Furthermore, the HDL physico-chemical structure is altered in acute inflammation and in chronic inflammatory diseases (Norata et al. 2012) as we have demonstrated in aging (Jaouad et al. 2006) ; the ApoA1 is displaced, and inflammatory molecules such as serum amyloid A are increased, thus profoundly altering the immunemodulating capacities of the parent HDL (Coetzee et al. 1986 ). These data are further supported by our finding that HDL from elderly subjects mainly tends to decrease the proliferation of T cells compared with HDL from young subjects. However, it is unclear which component parts of HDL are responsible for this ability to modify the function of immunosenescent T cells. Our results do not permit us to unequivocally conclude that HDL alters TCR and CD28 signaling to augment T cell functions in the elderly, but it seems likely that HDL influences how signaling is sustained in activated T cells. Having already demonstrated an alteration in phosphatase activities associated with aging (Fortin et al. 2006) , we also measured the effects of HDL on phosphatase activities in T cells obtained from young and elderly subjects, and we found significant agerelated differences in the early signaling pathways (manuscript in preparation). We cannot completely exclude the possibility that HDL is able to modulate cholesterol at the nanoscale level, but the ability of HDL to influence T cell functions is clear.
Cholesterol is a fundamental component of the cell membrane and more specifically of the nanoscale microdomains, designated as lipid rafts (LRs). LRs are very important mediators of many essential cell functions including signaling and protein transport and adhesion. We show here that the cholesterol metabolism is altered in T cells from elderly subjects compared to young subjects, since both uptake and efflux were significantly decreased in the elderly, resulting in an accumulation of cholesterol in the T cell membrane and LRs. The buildup of membrane cholesterol leads to decreased fluidity, which is absolutely essential for LRs to coalesce into the signalosome in order to form the immune synapse. This suggests that manipulation of membrane lipid composition by agents such as HDL or others could be an efficient and natural means of influencing the function of many different cell types. Further studies will be necessary to understand the possible role of HDL in regulating membrane raft composition. Ultimately, because of the high bio-availability of HDL, the implication of these findings is that HDL may alter many different cellular functions in parallel, including (i) cell-cell communication, (ii) regulation of cell activation, (iii) regulation of circulating lipid levels, (iv) the secretory phenotype of cells, (v) tight junction stability, (vi) interaction with the extracellular matrix, and (vii) higher lipid content in tissues such as muscles and the thymus. Further studies will be needed to unravel the molecular mechanisms underlying the HDL effect on altered T cell functions in the elderly, and to elucidate the correlation between age-dependent changes in HDL composition and immune dysfunction. These investigations may eventually lead to the development of lipidbased immunotherapies or adjuvants that can be used to boost host protection in the elderly. In particular, it is important to point out that the present study cannot determine if the effect observed is specific for a particular subset of T cells (Fülöp et al. 2013 ) even if our recent published data suggest that the CD45RA or CD45RO T cell subpopulations cannot explain changes in the signal transduction of T cells with aging . Nevertheless, the data provide support for an important role for HDL in the altered response of T cells in aging, revealing additional clues to unravel the underlying mechanisms of immunosenescence which are under current investigations in our laboratories especially addressing this question in T cell subpopulations.
